Background. Increased activity in the lesioned hemisphere has been related to improved poststroke motor recovery. However, the role of the dominant hemisphere-and its relationship to activity in the lesioned hemisphere-has not been widely explored.
Introduction
Despite intensive research and clinical efforts, stroke remains a leading cause of physical disability worldwide [1] , and there is an urgent need for improved poststroke rehabilitation strategies. Many studies have suggested that increased levels of activity in the ipsilesional hemisphere after stroke are associated with enhanced recovery [2] [3] [4] . Functional magnetic resonance imaging (fMRI) studies in individuals with stroke suggest that greater blood oxygen level-dependent (BOLD) activity in the contralateral (ipsilesional) hemisphere during a task with the impaired upper limb-a pattern consistent with typical motor control-is associated with better motor outcomes [4] [5] [6] . Poststroke therapeutic techniques have therefore aimed at promoting motor recovery by increasing activity in the ipsilesional hemisphere and decreasing activity in the contralesional hemisphere [7] [8] [9] [10] . However, poststroke motor outcomes using such approaches remain variable, suggesting that other factors influence recovery beyond the level of brain activity in the ipsilesional hemisphere.
One factor that has been largely overlooked in stroke studies is the role of motor dominance relative to the lesioned hemisphere. Studies often discuss findings related to the ipsilesional or contralesional hemisphere, without distinguishing whether the ipsilesional hemisphere is the dominant or nondominant hemisphere prior to stroke. However, whether stroke occurs in the dominant or nondominant hemisphere can impact recovery in multiple ways, including impacting the pattern of brain activity achieved in poststroke therapy [11] [12] [13] . Research has shown clear hemispheric differences in the specialization of motor control, with differences in the performance of motor actions after stroke related to the lesioned hemisphere. Winstein and Pohl (1995) reported that individuals with left hemisphere stroke showed deficits in open-loop, motor planning aspects of movement, whereas individuals with right hemisphere stroke showed deficits in closed-loop, feedback-based aspects of movement [14] . Another study showed that in an arm-reaching task, individuals with left hemisphere stroke had difficulty controlling the direction of movement, whereas individuals with right hemisphere stroke had a tendency to overshoot their targets [11] . These studies and others suggest that there is hemispheric specialization in a distributed motor control scheme, where the left hemisphere is responsible for optimizing and predicting dynamic aspects of movement, and the right hemisphere is responsible for movement accuracy and stability [15] . There are thus likely differences in task-related brain activity depending on the dominance of the lesioned hemisphere. Better understanding the relationship between motor dominance, hemisphere of stroke, and brain activity is critical because it could enable greater personalization of interventions in stroke neurorehabilitation and allow us to better understand the neural mechanisms underlying deficits following stroke.
Here, we hypothesized that the motor dominant hemisphere might in fact drive poststroke brain activity during action observation more strongly than the side of the stroke lesion. We specifically evaluated brain activity in the action observation network (AON), as it is a brain network typically engaged through both the observation and performance of actions and is comprised of cortical motor regions in the premotor and parietal cortices [16] . Importantly, activity in the AON can be elicited simply through action observation, so even individuals with moderate to severe upper arm paresis can complete the task. Action observation therapy (AOT), in which individuals with stroke observe another person performing actions (e.g., through videos) before or during actual physical practice of those actions, has been proposed as a way to enhance the effects of occupational or physical therapy [17] [18] [19] [20] . Behavioral studies examining outcomes of AOT with occupational or physical therapy show modest improvements in poststroke motor recovery when compared to traditional therapy alone [17-19, 21, 22] . Researchers hypothesize that action observation may enhance plasticity in the same motor pathways responsible for action execution [23] . The AON has also been shown to be active during action observation in individuals after stroke [24] . In particular, activity in the AON was found to be lateralized to the ipsilesional, dominant hemisphere in individuals with motor dominant, left hemisphere stroke who observed actions being performed by the counterpart to their own paretic right arm [24] . However, since the left hemisphere was both the ipsilesional and motor dominant hemisphere, it was not possible to distinguish whether action observation drives activity in the ipsilesional hemisphere or in the motor dominant hemisphere.
The present study was designed with a primary aim of improving our understanding of the effects of motor dominance versus side of lesion on AON activity in individuals after stroke. We recruited individuals who were left hemisphere dominant (right handed) prior to stroke and had nondominant, right hemisphere stroke. Using the same fMRI protocol as in the earlier AON stroke study [24] , we tested whether individuals with nondominant right hemisphere stroke had greater AON activity during action observation in the ipsilesional (right) hemisphere or in the dominant (left) hemisphere. We compared these data to the dominant left hemisphere stroke group and an age-matched control group from the earlier study [24] . We predicted that if action observation drives activity in the ipsilesional hemisphere, the right hemisphere stroke group should show greater activity in the right hemisphere, whereas if action observation drives activity in the motor dominant hemisphere, the right hemisphere stroke group should show greater activity in the left hemisphere.
Methods
2.1. Subjects. The current analysis included 36 individuals who were right-handed (left hemisphere motor dominant) as determined by the Edinburgh Handedness Inventory [25] . There were 24 participants with chronic stroke and moderate-to-severe upper extremity motor impairments and 12 nondisabled, age-matched controls. Both the nondisabled controls and 12 individuals with dominant left hemisphere stroke were included in an earlier study [24] . In the current study, 12 additional individuals with nondominant right hemisphere stroke were recruited from community centers. All participants gave informed consent in accordance with institutional guidelines approved by the University of Southern California Institutional Review Board. All individuals were right handed (prior to stroke), had normal or corrected-to-normal vision, and were safe for MRI. Additional inclusion criteria for individuals with stroke was chronic (>3 months since stroke onset), middle cerebral artery stroke, with no prior history of stroke, moderate-to-severe upper extremity impairment as determined by a phone screening form in which participants indicated difficulty moving their hand or arm for functional tasks, and no apraxia. For all participants, mean age (including nondisabled controls) was 63 ± 13 years and did not differ between groups (F 2, 33 = 0 94, p = 0 40). For participants with stroke, average time since stroke was 80 ± 58 months and did not differ between right and left hemisphere stroke groups (t 22 = −0 17, p = 0 61). Stroke characteristics are described in Table 1. 2.2. fMRI Data Acquisition. All scanning was completed on the same 3T Siemens Trio MRI scanner at the University of Southern California Dornsife Neuroimaging Center, using the scan parameters and task as described in Garrison et al. [24] . Functional images were acquired with a T2 * -weighted gradient echo sequence (repetition time [TR]/echo time TE = 2000/30 ms, 37 slices, voxel size 3.5 mm isotropic voxels, and flip angle 90°); anatomical images were acquired with a T1-weighted magnetization-prepared rapid gradientecho (MPRAGE) sequence (TR/TE = 2350/3 09 ms, 208 1 mm slices, 256 × 256 mm, and flip angle 10°).
The fMRI paradigm was a block design in which participants either observed either videos of right hand actions, videos of left hand actions, and images of a still hand (control condition) or rested. For the action observation conditions, videos depicted a mean-agematched nondisabled control actor grasp objects with either their right hand or their left hand, as previously described [24] . Actions were adapted from the Wolf Motor Function Test (WMFT, Wolf et al. [26] ) and included (1) pick up pencil, (2) pick up paperclip, (3) stack checkers, and (4) flip cards (see Supplementary Figure S1 for an example). Each video was 3 s long, and each block consisted of four videos shown in a randomized order for a total block length of 12 s. The control condition (observation of a still hand) was also presented in 12 s blocks with 4 still images of either a left or a right hand shown for 3 s each in a randomized order. All blocks were repeated 15 times and randomized across three 6-minute runs.
Participants were instructed to remain still and watch the actions of the actor as they would be asked to imitate each action after the scanning session. To ensure attention, [27, 28] . The following preprocessing steps were applied: semimanual skull stripping of the anatomical image using BET [29] , motion correction using MCFLIRT [27] , automated nonbrain removal of the fMRI data using BET [29] , spatial smoothing using a Gaussian kernel of FWHM 5 mm, grand-mean intensity normalization of the entire 4D dataset by a single multiplicative factor, and high-pass temporal filtering (Gaussian-weighted leastsquares straight line fitting, with sigma = 50 s). For each subject, a time-series statistical analysis was carried out using FILM GLM with local autocorrelation correction [30] . These Z (Gaussianized T/F) statistic images were then thresholded using clusters determined by Z > 3 1 and a (corrected) cluster significance threshold of p < 0 05 [31] . A second-level analysis for each subject was conducted, averaged across the three runs, and carried out using a fixed-effects model by forcing the random-effects variance to zero in FLAME (FMRIB's Local Analysis of Mixed Effects) [32] [33] [34] . At the group level, analyses were completed using a mixed-effects model that included both fixed effects and random effects from cross session/subject variance in FLAME. Again, Z (Gaussianized T/F) statistic images were then thresholded using clusters determined by Z > 3 1 and a (corrected) cluster significance threshold of p < 0 05. Whole brain analyses examined main effects of right hand action observation, main effects of left hand action observation, and contrasts of right hand action observation versus left hand action observation and left hand action observation versus right hand observation. An additional aim of the current study was to directly compare new data from the right hemisphere stroke group to the data from the left hemisphere stroke group and nondisabled control group from the earlier study [24] . In order to do this, we reanalyzed all of the earlier data using the preprocessing steps described above to ensure that the same, up-to-date analysis techniques were used in all cohorts.
Region of Interest Analyses.
A priori regions of interest (ROIs) included regions of the human AON: inferior frontal gyrus pars opercularis (IFGop) and pars triangularis (IFGtri), the supramarginal gyrus (SMG), and the precentral gyrus (PC) [35] . ROIs were defined anatomically using the probabilistic Harvard-Oxford Atlas included in FSL, with a probability threshold of greater than 25% applied for each ROI. The percent signal change (% SC) within each ROI was extracted for each task condition and each participant using Featquery in FSL.
Laterality Index.
A laterality index (LI) was calculated to measure lateralization of brain activity during observation of each hand (right, left) for each group (nondisabled control, right hemisphere stroke, and left hemisphere stroke). LI was calculated as the proportion of active voxels in the left versus right ROI averaged across multiple thresholds [36, 37] . We calculated LI using the proportion of active voxels, rather than percent signal change, based on previous work suggesting that this approach is more robust for lesioned brains (Jansen et al. [37] ). The cluster tool in FSL was used to set the different threshold values (Z = 1 0, 1.5, 2.3); Fslstats was used to determine the number of active voxels. LI was calculated using the classic formula LI = lef t − right lef t + right 1
at each Z-threshold for each ROI [37] , where LI is equal to left hemisphere activity minus right hemisphere activity divided by left hemisphere activity plus right hemisphere activity. The average of the three LIs at different Z-values was then calculated. LI scores range from +1 (all left hemisphere activation only) to −1 (all right hemisphere activation only) and were categorized as either bilateral (|LI| ≤ 0 1), hemisphere dominant (0 1 < |LI| < 0 2), or hemisphere lateralized (|LI| ≥ 0 2) [37] . Following previous work, the LI and standard error of the mean (SEM) are reported [24] . The complete LI values for each group at each threshold/ROI can be found in Supplementary Table 5 and for each individual at each threshold/ROI in Supplementary Tables 6-9.
ROI-Based Task by Hemisphere by Group Interactions.
A three-way ANOVA was carried out in SPSS 22 (IBM Corp., Armonk, NY, USA) to determine the effects of hand observed (right, left), hemisphere of activity (right, left), and group (nondisabled control, right hemisphere stroke, and left hemisphere stroke) for each of our four regions of interest. We applied a Bonferroni correction for multiple comparisons. We also report any significant two-way interactions within the ANOVAs and subsequently tested for simple main effects where appropriate.
2.3.5. Lesion Analyses. Lesions were manually drawn by a trained research assistant following a detailed lesion tracing protocol [38, 39] using MRIcron [40] . Lesion masks were then smoothed using a 2 mm Gaussian kernel. For each subject, a small mask was manually created in the healthy white matter tissue of the contralesional hemisphere. The white matter mask was used to determine the mean and standard deviation of healthy white matter voxel intensities within each subject's anatomical image using fslstats. Each subject's anatomical image was then thresholded at one standard deviation away from the mean white matter intensity, such that voxels with a signal intensity within or above the normal range would be excluded from the final lesion mask. Finally, the volume of the lesion was calculated using fslstats. An independent-sample t-test was conducted to compare lesion size between the right hemisphere stroke group and the left hemisphere stroke group. For each ROI, Pearson product-moment correlations were tested between lesion size and LI for that ROI, for each stroke group.
Percent of Lesion Overlap with ROIs.
To examine the percent of lesion overlap with each ROI, each individual's binarized lesion mask was normalized to standard space and masked with each ROI using fslmaths. The number of voxels in the overlapping area was obtained using fslstats.
The number of voxels in the overlapping area was then divided by the total number of voxels within the ROI to calculate the percent of overlap between the lesion and the ROI for each subject.
Behavioral Assessments.
Immediately after the scanning session, participants completed a series of behavioral assessments. Due to the small sample size, behavioral correlations with fMRI data were used as secondary, exploratory analyses. Participants were administered the Wolf Motor Function Test (WMFT) to test the function of the upper extremity in the motor domain [26] . Performance on the WMFT was videotaped and scored by a trained, blinded research assistant for a Functional Ability Scale (FAS) score, ranging from 0 to 5, where 0 = does not attempt movement and 5 = movement is normal. Individuals were also assessed with the Fugl-Meyer Assessment, Upper Extremity (FMA-UE) [41] , a measure of poststroke motor impairment. Behavioral assessments were performed by graduate research assistants who were trained in the administration of both the WMFT and FMA-UE assessments. For each ROI, Spearman's rho correlations were tested between ROI activity and motor scores for the WMFT and FMA-UE (both categorical variables) in SPSS 22. We note that these results are exploratory and report results, noting that correcting for multiple comparisons across ROIs results in a corrected p value of p = 0 00625 (p = 0 05 divided by 8 comparisons).
Results
In the current study, we aimed to understand whether individuals with nondominant right hemisphere stroke showed greater ipsilesional right hemisphere activity or greater motor dominant left hemisphere activity during action observation. In order to better generalize our findings, we also compared the nondominant right hemisphere stroke group with a dominant left hemisphere stroke group and a nondisabled control group from our earlier study [24] .
3.1. Between-Group Behavioral Comparisons. Individuals with right hemisphere stroke had significantly lower FuglMeyer scores than individuals with left hemisphere stroke had (t 22 = −0 67, p = 0 02), indicating greater poststroke motor impairments of the upper extremity in the right hemisphere stroke group. Fugl-Meyer scores are reported in Table 1 . Similarly, on the WMFT, individuals with right hemisphere stroke showed a trend towards lower FAS scores (t 21 = 1 94, p = 0 06) than did individuals with left hemisphere stroke, again indicating poorer motor performance. WMFT scores are reported in Table 1 , along with all participant demographics.
3.2. Whole-Brain fMRI Analyses. Notably, overall, patterns of brain activity during right and left hand action observation were similar between right and left hemisphere stroke groups, despite the groups having motor impairments in opposite hands. Contrasts of right versus left hand action observation, and vice versa, showed similar patterns in the stroke groups and a different pattern in the nondisabled group.
3.2.1. Right Hemisphere Stroke Group. For the right hemisphere stroke group, during right (corresponding to nonparetic) hand action observation, activity was found in the left premotor cortex, bilateral precentral gyri, bilateral superior parietal lobules, and bilateral occipital cortices, among other areas (Figure 1 ; Supplementary Table 1) . During left (corresponding to paretic) hand action observation, activity was again found in the left supramarginal gyrus, bilateral precentral gyri, bilateral superior parietal lobules, and bilateral occipital cortices (Figure 1 ; Supplementary Table 2) .
Comparing right and left hand action observation directly revealed the following: Right versus left hand action observation recruited greater activity in the left postcentral gyrus and superior parietal lobule and the right occipital pole. Left versus right hand action observation more strongly activated the right occipital pole and intracalcarine cortex (Figure 2 ; Supplementary Tables 3-4).
Left
Hemisphere Stroke Group. Despite our reanalysis using a more stringent threshold, for the left hemisphere stroke group, we find results consistent with the findings reported in Garrison et al. [24] . During right (corresponding to paretic) hand action observation, activity was found in the left premotor cortex, bilateral precentral gyri, bilateral supramarginal gyri, and bilateral occipital cortices, among other areas, with greater activity in the left hemisphere ( Figure 1 ; Supplementary Table 1) .
During left (corresponding to nonparetic) hand action observation, a sparser pattern of activity was found in the left supramarginal gyrus, bilateral precentral gyri, bilateral superior parietal lobules, and bilateral occipital cortices among other areas (Figure 1; Supplementary Table 2 ).
Comparing 3.2.3. Nondisabled Control Group. Again, consistent with the findings reported in Garrison et al. [24] for the nondisabled control group, during right (dominant) hand action observation, activity was found in the right inferior frontal gyrus, right dorsal premotor cortex, right precentral gyrus, bilateral postcentral gyri, bilateral parietal cortices, and bilateral occipital cortices (Figure 3 ; Supplementary Table 1) .
During left (nondominant) hand action observation, there was a similar pattern of activity, with activation in the right inferior frontal gyrus, right dorsal premotor cortex, bilateral precentral gyri, bilateral postcentral gyri, bilateral parietal cortices, and bilateral occipital cortices, as well as the right posterior superior temporal sulcus at the temporoparietal junction ( Figure 3 ; Supplementary Table 2) .
Comparing right and left hand action observation directly revealed the following: Right versus left hand action observation revealed no significant activity (Figure 4 ; Supplementary Table 3 ). In contrast, left versus right hand action observation recruited more activity in the right hemisphere, particularly in the right postcentral gyrus, right superior parietal lobule, and right occipital cortex (Figure 4 ; Supplementary Table 4).
3.2.4. Interim Summary. Whole brain patterns in both stroke groups primarily showed greater left hemisphere activity during right hand action observation, while whole brain patterns in nondisabled controls were largely right lateralized during left hand action observation. Results here were reported at a relatively stringent threshold of Z > 3 1, cluster corrected at p < 0 05. Given our smaller group sample sizes and heterogeneity of lesion locations, we also wished to visualize this data at a more lenient threshold (Z > 2 3, cluster corrected at p < 0 05) to examine whether these laterality trends expanded. At this more lenient threshold, we found the same laterality patterns reported above, but they were extended to much wider regions of the AON (see Supplementary Figure S2 ). A significant two-way interaction was also found for the hemisphere of activity (right, left) and side of hand observed (right, left) in the precentral gyrus (F 1, 22 = 14 78, p = 0 001, partial η 2 = 0 40; Bonferroni-corrected p value: p = 0 004). We then tested for simple main effects. We did not find a simple main effect for hand observed (i.e., no difference in activity between right and left hand observation for either hemisphere (right hemisphere: F 1, 23 = 0 19, p = 0 67; left hemisphere: F 1, 23 = 3 15, p = 0 09)). We found a simple main effect of hemisphere of activity during right hand action observation, with greater activity in the left versus right precentral gyrus (F 1, 23 = 7 3, p = 0 01; left hemisphere: 0.09 ± 1.5, right hemisphere: 0.04 ± 0.13). Put another way, for both groups, during right hand action observation, activity was greater in the left precentral gyrus.
Right versus Left Hemisphere Stroke Group.
We then compared the two stroke groups to one another directly. No three-way interactions were found between the side of the stroke (right, left), hand observed (right, left), and hemisphere of activity (right, left) in any ROI. A significant two-way interaction was found between the hemisphere of activity (right, left) and hand observed (right, left) in the precentral gyrus (F 1, 22 = 18 73, p < 0 001, partial η 2 = 0 46; Bonferroni-corrected p value: p < 0 004); this same interaction was also marginally significant in the inferior frontal gyrus pars opercularis after correcting for multiple comparisons (F 1 , 22 = 5 74, p = 0 025, partial η 2 = 0 21; Bonferroni-corrected p value: p = 0 1). We then tested for simple main effects for each interaction. In the precentral gyrus, for effect of hand observed, there was a statistically significant difference in the left precentral gyrus, with greater activity during right hand action observation than during left hand action observation (F 1, 23 = 13 78, p = 0 001; partial η 2 = 0 38; left hand action observation: 0.01 ± 0.10, right hand action observation: 0.08 ± 0.11). There was no statistically significant main effect in the right precentral gyrus (F 1, 23 = 0 37, p = 0 55). For simple main effect of hemisphere of activity, there was a statistically significant difference during right hand action observation (F 1, 23 = 11 27, p = 0 003, partial η 2 = 0 33), with greater activity in the left compared to right precentral gyrus (left hemisphere: 0.08 ± 0.11, right hemisphere: 0.03 ± 0.13). There were no significant simple main effects for hemisphere during left hand action observation (F 1, 23 = 3 14, p = 0 09).
For the inferior frontal gyrus pars opercularis, we found a similar simple main effect for hand observed in the left hemisphere with greater activity during right hand action observation compared to left hand action observation (F 1, 23 = 8 1, p = 0 009, partial η 2 = 0 26; right hand action observation: 0.08 ± 0.14, left hand action observation: 0.02 ± 0.14). There were no simple main effects for hand observed in the right hemisphere (F 1, 23 = 0 002, p = 0 97) and no simple main effects for hemisphere during either right hand action observation (F 1, 23 = 2 07, p = 0 16) or left hand action observation (F 1, 23 = 1 17, p = 0 29). Overall, these results suggest there was more left hemisphere activity during right hand action observation for both stroke groups. Both stroke groups showed similar hemispheres by hand observed interactions, with brain activity lateralized toward the left motor dominant hemisphere, despite having lesions in different hemispheres. right hemisphere stroke group (M = 35593 08 mm 3 , SD = 55942 81) and the left hemisphere stroke group (M = 23196 64 mm 3 , SD = 33296 69; t 22 = −0 660, p = 0 52). This suggests that, despite varying lesion sizes across individuals, reported results were not driven by a difference in overall lesion size between groups. Lesion overlap maps can be found in Supplementary Material Figures S3-S7. 3.5.2. ROI-Lesion Overlap. Overlap between the individual lesions and the AON ROIs (measured as greater than 5% overlap) occurred in only 4 of the individuals in the left hemisphere stroke group and 3 of the individuals in the right hemisphere stroke group. While we had considered also examining the relationship between lesion overlap and laterality index, to examine whether lesion overlap with critical AON regions influenced laterality results, the resulting sample of individuals with lesion overlap was too limited to make an accurate calculation.
3.6. Brain Behavior Analyses. Finally, as an exploratory analysis, we examined correlations between ROI activity and motor scores.
3.6.1. Correlations between ROI Activity and WMFT FAS Scores. For participants with right hemisphere stroke, there were no significant correlations between WMFT motor scores and ROI activity. For participants with left hemisphere stroke, nonsignificant trends showing negative correlations between WMFT scores and ROI activity during right hand action observation were found in the inferior frontal gyrus, pars opercularis (ρ = −0 51, p = 0 091), and pars triangularis (ρ = −0 534, p = 0 074). In addition, trends in negative correlations between WFMT scores and ROI activity during left hand action observation were found in the right inferior frontal gyrus (ρ = −0 545, p = 0 067) and precentral gyrus (ρ = −0 517, p = 0 085). Notably, however, none of these relationships meets the significance threshold after correcting for multiple comparisons (p = 0 00625).
Correlations between ROI Activity and Fugl-Meyer
Scores. For participants with right hemisphere stroke, no significant correlations were found between Fugl-Meyer scores and ROI activity. For participants with left hemisphere stroke, activity in the right precentral gyrus during right hand action observation demonstrated a trend towards a negative correlation with Fugl-Meyer scores (ρ = −0 53, p = 0 077), although this again was not significant.
Discussion
In this study, our primary aim was to examine whether cortical motor activity in the action observation network was lateralized more towards the ipsilesional hemisphere or the motor dominant hemisphere during action observation after a stroke. In both individuals with nondominant right hemisphere stroke and individuals with dominant left hemisphere stroke, AON activity was lateralized toward the left motor dominant hemisphere. There were no significant differences in the lateralization of AON activity between the two stroke groups, despite having lesions in different hemispheres. These results suggest that action observation after stroke may drive greater activity in the motor dominant rather than the ipsilesional hemisphere, at least in our sample of individuals who were right-handed prior to stroke. These findings also differed from our nondisabled control group, in which AON activity was either bilateral or slightly lateralized toward the right nondominant hemisphere.
As mentioned in the Introduction, hemispheric specialization could be an underlying cause of these results in stroke patients. That is, greater AON activity in the dominant left hemisphere may reflect hard-wired properties of the left hemisphere for motor control such as left hemisphere specialization for motor planning, and by extension, action observation, compared to the right hemisphere, regardless of which hemisphere is affected after stroke. This may mean that the motor dominant hemisphere may also play a role in the effectiveness of action observation therapy. While not tested here, it is possible that driving activity in the motor dominant hemisphere via action observation could help to promote motor recovery after stroke. Future studies could examine whether dominant hemisphere activation during action observation relates to changes in motor recovery following poststroke action observation therapy.
In addition, previous work has shown that the motor dominant hemisphere has greater descending motor pathways than the nondominant hemisphere has [42, 43] . Additionally, the typically motor dominant left precentral gyrus receives inputs from both the contralateral and ipsilateral hand, whereas the nondominant right precentral gyrus receives the majority of inputs solely from the contralateral left hand [44] . After a stroke, this imbalance in motor pathways may be accentuated to more strongly engage left-lateralized activity during right hand action observation and bilateral activity during left hand action observation. Likewise, individuals with dominant left hemisphere stroke have been shown to experience some motor deficits in both hands, whereas those with right hemisphere stroke typically only experience motor deficits in the contralateral left hand [45] . Again, while it remains to be tested in a future study, it is possible that individuals with nondominant right hemisphere stroke are able to continue to use their dominant (nonparetic) hand, and individuals with dominant left hemisphere stroke may place more emphasis on using their dominant (paretic) hand in spite of its impairments. Therefore, both groups may place greater emphasis on the dominant hand when asked to observe and later imitate actions, explaining the greater activation in the dominant left hemisphere in both groups.
Based on this logic, we might expect individuals with nondominant hand paresis to experience poorer motor recovery due to the ability to rely on the nonparetic dominant hand. Although results across studies vary, there is indeed evidence that individuals with right hemisphere stroke show poorer motor recovery of the affected nondominant left hand than those with left hemisphere stroke and an affected dominant right hand [46, 47] . Related, a limitation of the current study is the fact that the nondominant right hemisphere stroke group also had greater motor impairments (lower Fugl-Meyer and Wolf Motor Function Test scores) of the affected hand than the dominant left hemisphere stroke group, despite both groups falling within the eligibility range of moderate-to-severe motor impairments and having no differences in lesion volumes. While this may be reflective of trends in the general stroke population, this difference does introduce a potential confound, as the level of impairment could also drive patterns of cortical activity. However, importantly, there was no significant relationship between the level of impairment and brain activity within the right hemisphere stroke group, suggesting that the level of impairment for individuals with right hemisphere stroke does not influence AON activity. Given the small sample size, we further visually inspected the subject-level correlation data between brain activity and motor impairment, in case there were potential trends that were not significant. However, there were no relationships or trends between level of motor impairment and brain activity across this sample, such that individuals with less severe stroke did not show any differences in laterality index than individuals with more severe stroke. This suggests that between-group differences in level of motor impairment did not drive these left-lateralized results. Regardless, further research with a larger sample of nondominant, right hemisphere stroke patients, with a wider range from mild to severe impairments, is needed to confirm these findings.
In addition, although both right and left hemisphere stroke groups had stronger activations in the left hemisphere during action observation, it should be noted that there was still significant activity observed in the right hemisphere in all groups, including the two stroke groups (see Figure 1 ; Tables S1 and S2 ). General whole brain activity during action observation was bilateral for all groups, and the lateralization results emerged primarily when examining the laterality index, which calculates a ratio of left to right hemisphere activity. Thus, while we emphasize the role of the dominant left hemisphere because AON activity examined using the laterality index calculation was lateralized to the dominant left hemisphere more in both stroke groups compared to the control group, there is likely also a role of right hemisphere activity for all groups during action observation.
Finally, in line with this, we note that the healthy, age-matched control group showed bilateral or slightly right-lateralized activity. Although this is in line with many previous studies showing that AON activity in healthy right-handed individuals is typically bilateral [35, 48, 49] , a previous study specifically examining the laterality index in healthy individuals showed left-lateralized AON patterns [50] . In reconciling our current findings with the previous literature, we first note that in that study, the laterality index was performed on entire lobes (e.g., LI of the frontal lobe was left-lateralized) whereas here we calculated the LI within specific AON nodes. This specificity may have affected results. In addition, a primary factor that may contribute to these disparate results is age. The previous study examining the laterality index of the AON in healthy individuals used healthy younger adults, while in our study, we used healthy older adults (agematched to our stroke population). Research has shown that older adults typically recruit additional and broader regions of the AON compared to younger adults [51] [52] [53] [54] . While further research is needed to specifically examine the laterality of the AON in healthy younger versus older adults, it is possible that our healthy older adult control group shows more bilateral or slightly right-lateralized AON activity, instead of left-lateralized AON activity, due to age-related changes in the AON.
Limitations and Future Directions.
Our results support the idea that hemispheric dominance affects patterns of neural activity induced by action observation after stroke. While the current sample size was small (12 participants per group), both right and left hemisphere stroke groups (24 participants in total) showed similar patterns of leftlateralized AON activity during observation of right hand actions and bilateral AON activity during observation of left hand actions, which was different from nondisabled individuals. However, as noted in the Discussion, the functional abilities of the two groups were significantly different. Notably, we did not find a relationship between the level of impairment and lateralization of AON activity within the right hemisphere group, suggesting that the differing functional levels were not associated with different brain activation patterns. However, we acknowledge that this group difference still provides a possible confounding factor as previous work has shown that degree of motor severity influences cortical recruitment [55] . In addition, previous work has shown that patients with greater corticospinal tract (CST) damage also show greater recruitment of cortical areas [56, 57] . Although lesion volumes were similar between groups, the current study did not specifically examine overlap of the lesion with the CST. Thus, a replication of these patterns in a larger, more diverse sample, with individuals across a range of motor impairment levels (mild, moderate, severe), and examining the overlap of the lesion with the CST, would improve our understanding of how the current findings relate to a diverse population of individuals after stroke.
Our findings support a possible specialization of the motor dominant hemisphere during action observation following stroke. However, the functional implications of this activation are unclear. An important question is whether and how these results, and recovery from nondominant (right hemisphere) stroke, may relate to real-world hand usage. Future studies might examine real-world hand usage during daily activities (e.g., using accelerometers [58, 59] ), and relate that to laterality patterns in brain activity following stroke.
In addition, here we showed that action observation engages the motor dominant hemisphere in individuals who are right hemisphere dominant (left-handed) prior to stroke. Right hemisphere dominance is less common, and therefore, the population with stroke will be smaller and less is known about motor control in this group. However, given our findings' interpretations, we might expect AON activity to be lateralized toward the dominant right hemisphere in that group. A more complete understanding of the relationship between motor dominance, hemisphere of stroke, and AON activity should be studied to enable personalized interventions in stroke neurorehabilitation.
Finally, given the conventional wisdom that activity in the ipsilesional hemisphere promotes recovery of motor function after stroke [2] [3] [4] , a logical next step is to evaluate what our findings may mean for stroke rehabilitation. Our findings, and those of others, suggest that optimal recovery of motor function may depend on the hemisphere of the lesion [20] . As such, parameters of AOT, such as whether individuals with stroke observe actions corresponding to their paretic limb only, versus observation of bilateral movements, may yield different results for different participants. While few stroke neuroimaging studies have been adequately powered to compare between right and left hemisphere stroke groups, it may be a critical difference that affects stroke rehabilitation and motor recovery. Future large-scale studies should examine whether and how the hemispheric dominance of the lesioned hemisphere affects neural activity during different types of therapy and subsequent motor recovery.
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